SUMMARY
Developmental regulation of mRNA levels in trypanosomatid protozoa is determined posttranscriptionally and often involves sequences located in the 3'untranslated regions (3'UTR) of the mRNAs. We have previously identified a developmentally regulated gene family in Leishmania encoding the amastin surface proteins and showed that stage-specific accumulation of the amastin mRNA is mediated by sequences within the 3'UTR. Here we identified a 450 nt region within the amastin 3'UTR, which can confer amastigote-specific gene expression by a novel mechanism that increases mRNA translation without an increase in mRNA stability. Remarkably, this 450 nt 3'UTR element is highly conserved among a large number of Leishmania mRNAs in several Leishmania species. Here we show that several of these mRNAs are differentially expressed in the intracellular amastigote stage of the parasite and that the 450 nt conserved element in their 3'UTRs is responsible for stage-specific gene regulation. We propose that the 450 nt conserved element, which is unlike any other regulatory element identified thus far, is part of a common mechanism of stage-regulated gene expression in Leishmania that regulates mRNA translation in response to intracellular stresses.
INTRODUCTION
Parasites of the genus Leishmania cause cutaneous, mucocutaneous and visceral infections affecting approximately 400,000 people each year of the 397 million that are at risk worldwide (1) .
During its digenetic life cycle, Leishmania alternates between the alimentary tract of the sandfly vector as an extracellular promastigote and the acidic phagolysosomes of macrophages as an intracellular amastigote. Differentiation of the parasite into the amastigote form is a prerequisite for its intracellular survival. Several environmental factors including acidic pH, elevated temperature and the harmful phagolysosomal milieu trigger cytodifferentiation accompanied by the differential expression of a variety of genes (2) (3) (4) (5) (6) . Such stage-specific gene expression is crucial for adaptation as Leishmania differentiates from an extracellular to an intracellular parasite. Gene regulation in Leishmania and related trypanosomatids shares unique features that include polycistronic transcription of large RNA units by an α-amanitin sensitive RNA polymerase II, probably in the absence of promoter elements, and pre-mRNA processing into monocistronic mRNAs through a post-transcriptional control mediated by trans-splicing and polyadenylation (7) (8) (9) . Trans-splicing and polyadenylation are mechanistically coupled in trypanosomatids and recognize regulatory signals that consist of polypyrimidine-rich sequences (10, 11) .
Numerous examples in Leishmania species support the notion that developmental regulation of mRNA levels is determined post-transcriptionally by sequences located in the 3' untranslated regions (3'UTR), which usually control mRNA stability (12) (13) (14) (15) (16) (17) . More recently, a novel mechanism of stage-specific regulation affecting pre-mRNA processing has been reported in L. mexicana (18) . The role of 3'UTRs and/or intercistronic regions in stage-specific gene regulation is further supported by the observation that differential expression of tandemly-repeated genes is dependent on sequences present downstream of the different copies, which are often divergent by guest on November 17, 2017 http://www.jbc.org/ Downloaded from within the same genomic locus (18) (19) (20) (21) . Although several genes differentially expressed in the intracellular amastigote stage have been reported in Leishmania (14, 17, (21) (22) (23) (24) (25) (26) (27) (28) , the molecular mechanisms that control developmental regulation in this organism are still not well understood.
We have recently identified a Leishmania gene family encoding the amastin surface proteins that are related to T. cruzi amastins (29) and showed that these genes are differentially expressed in the intracellular amastigote stage of the parasite, and that the 3'UTR of the amastin mRNA is required for increased mRNA accumulation in amastigotes (17) . We have now delineated a 450 nt region within the last third of the amastin 3'UTR that confers stage-specific regulation and showed that this sequence is highly conserved among the 3'UTRs of a large number of Leishmania mRNAs, several of which are known or shown in this study to be developmentally regulated in the mammalian-living form of the parasite. We show here that the 3'UTR 450 nt conserved sequence can increase expression from a reporter mRNA in a stage-specific manner. Regulation by this 3'UTR element does not increase mRNA abundance or stability, a major way of generating stagespecific gene expression in Leishmania and other trypanosomatids (12) (13) (14) (15) 17, (30) (31) (32) , but instead it increases protein levels suggesting its implication in translational control. Our data point out to a common mechanism of stage-specific regulation in Leishmania that might be utilized by a number of similarly regulated mRNAs. This is the first example of a common mechanism of stage-specific gene expression in protozoan parasites.
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EXPERIMENTAL PROCEDURES

Leishmania growth and infections
Leishmania infantum LEM1317 and L. major Friedlin MHOM/IL/80/FRIEDLIN strains have been described previously (33, 34) . Leishmania promastigotes were cultured at pH 7.0 and 25˚C in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum and 5 mg/ml hemin. Adapted axenic amastigotes of L. infantum were maintained in MAA/20 medium at 37˚C in a 5% CO2 atmosphere as described previously (35) . L. major amastigotes were isolated from footpad lesions of infected BALB/c mice as decribed (36) . In vitro J774 murine macrophage infections were done as indicated previously (17, 37) . The luciferase (LUC) activity of the recombinant parasites was determined as reported previously (38) . The mean LUC activity was expressed as relative light units (RLU) and it was ranged from 400,000 to 700,000 in Leishmania grown as promastigotes, from 10,000 to 120,000 in axenic amastigotes and from 500 to 12,000 in intramacrophage amastigotes. These marked differences in LUC activity depending on the medium and on the conditions of parasite growth are probably due to the extracellular acidic pH in which lysed amastigote cells are exposed and to the higher protease activity found in the phagolysosomes of the macrophages. It has been indeed reported that firefly luciferases are highly susceptible to acidic pH and to proteolysis (39, 40) . The level of infection was also determined by optical microscopy examination following Diff Quick staining of cell preparation. following actinomycin D treatment. RNA samples were subjected to Northern blot analysis using the LUC coding region as a probe. Levels of mRNA were normalized by hybridizing the blots with α-tubulin probe.
Nucleic acids and protein manipulations
RESULTS
One third of the 3'UTR of the Leishmania amastin mRNA is involved in stage-specific gene regulation
We have recently identified a new developmentally regulated gene family in Leishmania, which shares a significant homology to the amastin surface proteins of T. cruzi and showed that stagespecific regulation of the amastin mRNA is mediated by sequences within the 3'UTR (17) . To expand our studies on amastin gene developmental regulation, we made a series of chimeric constructs with regions spanning the 3'UTR and cloned these sequences downstream of the luciferase reporter gene (LUC) ( We have previously shown (17) and re-confirmed in this study that the full-length 3'UTR of the amastin mRNA is able to increase LUC activity by 13-to 17-fold specifically in axenic and intramacrophage amastigotes, respectively (Fig. 1B) . Deletion mutagenesis demonstrated that the first 1000 nucleotides of the amastin 3'UTR are not associated with stage-specific regulation of LUC activity. However, the last 770 nucleotides of the amastin 3'UTR are shown to induce LUC activity by 13-fold in axenic amastigotes and by 24.5-fold in intramacrophage amastigotes, but not in promastigotes (Fig. 1B) . Deletions spanning the 770 nt region of the amastin 3'UTR significantly decreased regulation (Fig. 1B) . Indeed, a subregion covering the first 347 nucleotides of the 770 nt region showed a 4-to 5-fold decrease in LUC activity in comparison to the LUC-770 construct (Fig. 1B) . Further deletion within the 347 nt region giving rise to the LUC-184 nt chimeric construct has decreased LUC activity by another 50% (Fig. 1B) . Thus, these deletion studies localized the cis-acting regulatory element responsible for stage-specific regulation of the amastin mRNA to a 350-770 nt region at the end of the amastin 3'UTR.
The cis-acting regulatory region within the amastin 3'UTR confers stage-specific gene expression by a mechanism increasing mRNA translation
As previously reported for several amastigote-specific transcripts in Leishmania, mRNA abundance is mainly associated to a mechanism controlling mRNA turnover (13, 17, 22) . Such an increase in mRNA stability was previously observed with the full-length 3'UTR of the amastin mRNA (17) . We have now examined the role of the 770 nt regulatory region of the amastin 3'UTR in inducing LUC mRNA stability in a stage-specific manner. To our surprise, the accumulation and/or the stability of the LUC-770 mRNA did not increase in the amastigote stage compared to promastigotes (Fig. 2) , despite the fact that the 770 nt region is capable to induce LUC activity by 25-fold specifically in amastigotes (Fig. 1B) . Similarly, the 347 nt subregion shown to induce LUC activity by 6-fold in amastigotes (Fig. 1B) did not increase LUC mRNA stability or accumulation (Fig. 2) . We have observed an overall increase in LUC-770 mRNA stability over that of the LUC-347 mRNA, but in both developmental stages of the parasite ( Fig. 2A) . Moreover, this difference was not translated into a higher LUC activity in promastigotes for the LUC-770
construct when compared to LUC-347 (Fig. 1B) . These data suggest that the cis-acting regulatory element residing within the 770 nt region of the amastin 3'UTR is not involved in mRNA stability or in another mechanism of post-transcriptional regulation controlling mRNA abundance. Thus, the increased stability of LUC mRNA in amastigotes mediated by the full-length amastin 3'UTR and the differential accumulation of the amastin transcript in amastigotes ( (17) and Fig . 5B) should be controlled by another region within the 3'UTR probably located upstream of the 770 nt region.
The 770 nt region within the amastin 3'UTR increases LUC reporter activity in a stage-specific manner (Fig. 1B) but not LUC mRNA abundance (Fig. 2) , suggesting that regulation may occur at the level of translation. To test this possibility, we measured LUC protein levels in Leishmania recombinant transfectants grown in both developmental stages by Western blot and phosphorImager analyses. Although there is significantly less LUC-770 mRNA made in amastigotes compared to the mRNA lacking the regulatory region (LUC-IR) (see Fig. 2B ), the LUC-770 mRNA is highly translated with a 37-fold increase in LUC protein levels (Fig. 3B ). This translational control takes place only in the amastigote form of the parasite and no regulation by the 770 nt region was seen in promastigotes (compare lanes IR and 770 of Fig. 3A and 3B ). The 347 nt subregion also confers an increase in LUC protein levels in amastigotes, although at lower levels (~5-fold), and finally the 184 nt subregion results only in 2-fold induction (Fig. 3B) . These data correlate well with the reporter LUC activity results where a ~25-fold increase is conferred by the 770 nt region of the amastin mRNA specifically in amastigotes (Fig. 1B) . Altogether, these data clearly establish the involvement of sequences within the 770 nt region of the amastin 3'UTR in amastigote-specific gene expression through a mechanism that probably regulates translational efficiency.
A 450 nt element within the regulatory region of the amastin 3'UTR mediating a stage-specific translational control is highly conserved among many mRNAs in Leishmania
A rapid adaptation and reversibility to the various environmental conditions encountered upon parasite differentiation and intracellular survival could be very well achieved by developmentally regulated genes that are subjected to a translational control, as it has also been reported in other eukaryotic systems (46). To address the question on whether stage-specific translational control mediated by sequences within the 770 nt region of the amastin 3'UTR might also be encountered in other developmentally regulated mRNAs in Leishmania, we screened the databases for sequences homologous to the 770 nt region. Remarkably, in silico studies depicted more than 85 BLAST homologies with significant scores, mainly from the ongoing L. major Friedlin genome sequencing project (http://www.ebi.ac.uk/parasites/leish.html), that include sequences located in the 3'-end of ~60 predicted protein-coding genes and 25 E xpressed S equence T ags (ESTs) ( Table I ).
All these sequences share a 68-78% identity to the first 450 nucleotides of the 770 nt region within the amastin 3'UTR ( Fig. 4 and Table I ). Results obtained by in silico screening were also experimentally confirmed by Southern blot hybridization using the conserved region of the amastin 3'UTR as a probe. Indeed, this sequence was found to be present in multiple copies in several L.
major and L. infantum chromosomes, but interestingly did not hybridize to the non-pathogenic L.
tarentolae strain, which does not survive for long period inside macrophages (47) (data not shown).
Almost half of the identified protein-coding genes that might be regulated via the conserved 450 nt element are not annotated or belong to unclassified hypothetical proteins. However, the remaining proteins can be clustered to several classes that include, among others, putative homologs of the amastin gene family in L. major, histones, chaperones, proteins involved in spliceosome assembly, translation initiation, signaling pathways, energy metabolism, cell adhesion and ubiquitin-dependent protein degradation (Table I) (Fig. 4 and data not shown). The above amastigote-specific genes have been shown to be regulated post-transcriptionally by sequences located in the 3'UTR (13, 25, 26) .
Link between the conserved 450 nt 3'UTR element and amastigote-specific gene expression in Leishmania
The identification of a 450 nt 3'UTR element that is conserved among many mRNAs in Leishmania, some of which are known to be differentially expressed in amastigotes (Table I) , point out to a common regulatory mechanism that might be utilized by a number of stage-specific mRNAs. To test this hypothesis, we examined whether there is a correlation between the presence of the 450 nt conserved element in the 3'UTRs of these mRNAs and their amastigote-specific gene expression. To this aim, we randomly selected three L. major protein-coding genes from Table I harboring the 450 nt conserved sequence in their 3'-end and used them as probes in Northern blot hybridization studies. These genes correspond to two homologs of the amastin gene family in L.
major Friedlin (Lmflchr31_02 and Lmflchr32_14) and to the 3-ketoacyl-CoA thiolase (AL117263). Interestingly, all these genes were differentially expressed in the intracellular amastigote stage of the parasite (Fig. 5) . Hybridization under stringent conditions with each one of the 450 nt conserved elements located in the 3'-end of the above genes also demonstrated a specific accumulation in the amastigote stage (data not shown), further supporting the link between the presence of the 450 nt element within 3'UTRs and amastigote-specific gene regulation. These are important observations because they suggest that similarly regulated mRNAs are likely to have similar 3'UTR signals, and therefore, probably share a regulatory machinery.
To directly assess the role that the conserved 3'UTR element of mRNAs known or shown here (Fig. 5B ) to be differentially expressed in amastigotes may play in their stage-specific regulation, we tested whether these sequences can direct amastigote-specific expression of a reporter gene.
Three amastigote-specific genes were selected for this study. First, the conserved element in the 3'UTR of the L. donovani A2 amastigote-specific mRNA was capable to increase LUC activity specifically in amastigotes by ~6-fold (Fig. 6 ). This regulation was abolished when the A2-309 nt region was tested in the antisense orientation with respect to LUC mRNA processing. Under the same growth conditions, the full-length 3'UTR of the A2 mRNA increased LUC activity by 14-fold (Fig. 6) . This difference could possibly be attributed to other sequences within the A2 3'UTR that may regulate stage-specific expression of the A2 mRNA. Similarly, the conserved element in the L. major SW3.1 mRNA (AC008242) conferred a ~4.5-fold increase in LUC activity exclusively in amastigotes and only when cloned in sense orientation (Fig. 6) . Moreover, the conserved element residing in the 3'UTR of the L. major amastin homolog Lmflchr31_02 was shown to increase LUC activity by at least 10-fold in intramacrophage amastigotes (Fig. 6) . No regulation was obtained by these homologous 3'UTR sequences in the extracellular promastigote stage of the parasite (Fig. 6 ), suggesting that these sequences are only implicated in amastigotespecific gene regulation.
The conserved 450 nt 3'UTR element is part of mRNAs that accumulate at high levels in amastigotes (Fig. 5 ), but at least for the amastin mRNA this sequence is not involved in mRNA stability (Fig. 2) . Northern blot hybridization and Western blot analysis indicated that similarly to the amastin 3'UTR conserved element-mediated regulation (Figs. 2 and 3) , accumulation of the LUC-A2/309 and LUC-Lmflchr31_02 chimeric mRNAs was comparable in both promastigote and amastigote stages of the parasite while LUC protein levels were specifically increased in amastigotes (data not shown).
DISCUSSION
A novel 3'UTR element highly conserved among several developmentally regulated mRNAs in Leishmania
We have previously identified a developmentally regulated gene family encoding the amastin surface proteins in Leishmania and showed that stage-specific increase in the half-life of the amastin mRNA is mediated by sequences within the 3'UTR (17) . Here, we delineated a region within the last 770 nucleotides of the amastin 3'UTR that directs stage-specific expression of a reporter gene through a mechanism that increases mRNA translation without an increase in mRNA abundance or stability (Figs. 1-3) . A remarkable finding is that the first 450 nucleotides within this 770 nt regulatory region are highly conserved among a large number of mRNAs in several Leishmania species, some of which are shown to be differentially expressed in the intracellular amastigote form of the parasite (Table I, Few cis-acting regulatory elements within the 3'UTRs of developmentally regulated mRNAs thought to be responsible for either mRNA turnover or translation have previously been identified in both Leishmania (16, 50) and Trypanosoma species (30) (31) (32) (51) (52) (53) . However, none of these regulatory elements share any significant homology to the 450 nt element identified in this study, indicating its implication in a novel mechanism of stage-specific gene regulation in these organisms. The conserved 3'UTR 450 nt element is exclusively associated with amastigote-specific gene regulation, as it was not found in any of the known Leishmania metacyclic-specific or promastigote-specific mRNAs (Table II) . Moreover, not all the known amastigote-specific transcripts contain this 450 nt element (Table II) , suggesting that stage-regulated gene expression in
Leishmania is a complex process involving probably a variety of mechanisms.
A common mechanism of stage-specific translational control via a conserved 450 nt element within the 3'UTRs of many differentially expressed mRNAs in Leishmania
While using the 770 nt region of the L. infantum amastin 3'UTR harboring the 450 nt conserved element ( Figs. 1-3 ) or the homologous conserved sequence within the 3'UTRs of an L. major amastin homolog or other known amastigote-specific mRNAs ( Fig. 6 and data not shown), we have systematically observed a stage-specific induction in reporter gene activity due to increased mRNA translation in the absence of increased mRNA stability and/or mRNA abundance.
Nevertheless, 3'UTRs of developmentally regulated mRNAs shown here to contain the 450 nt conserved element have been associated with either stage-specific mRNA stability or mRNA abundance (13, 17) ; Fig. 5 ). We propose that stage-specific regulation of this particular subset of Leishmania mRNAs might be controlled by two distinct mechanisms; one acting via the 450 nt conserved element possibly regulating mRNA translation and the second by an adjacent 3'UTR region that increases mRNA stability. A bipartite mechanism of stage-specific regulation with distinct 3'UTR elements involved either in mRNA stability or translation has also been reported for the PARP mRNA in trypanosomes (31, 32) and more recently for the L. amazonensis HSP83
3'UTR (50).
In this study, we show that the conserved 450 nt element in the 3'UTRs of several Leishmania amastigote-specific mRNAs is an important component of a regulatory machinery that stimulates stage-specific expression probably at the level of translation (Figs. 1B, 3B, 6 and data not shown).
The main advantages of regulating genes through a translational control mechanism are the speed and the readily reversible nature of the response to altering physiological conditions. This enable cells to modulate translational efficiency, energy metabolism and membrane composition, and to activate signal transduction pathways. Several of the genes with predicted functions illustrated in Table I belong to these categories and could very well be regulated at the level of translation via the conserved 450 nt element. However, it is intriguing that expression of genes encoding such diverse cellular functions could possibly be controlled by common regulatory machinery. The major triggering factors that induce Leishmania amastigote differentiation in our axenic culture system are elevated temperature and acidic pH. We have previously shown that the amastin mRNA is rapidly induced upon growth of the parasites at low pH, but not at increased temperature (17) . Similar results were also obtained with two of the amastin homologs in L. major Friedlin (data not shown) and with the A2 amastigote-specific transcript (13) . There are many examples of genes that are regulated by ambient pH in fungi and in bacteria (54, 55) . It is thus possible that acidic pH constitutes an important signal for regulating this subset of transcripts via the conserved 450 nt 3'UTR element.
Translational controls are critical for a variety of developmental processes in a wide range of organisms such as C. elegans, Drosophila and Xenopus and surprisingly often require regulatory elements in the 3'UTR (46,56,57). The molecular mechanisms by which 3'UTR elements mediate translational regulation are not well understood. There are models involving regulation either by a looping between 5' and 3'UTR sequences (58, 59) or by deadenylation of the target mRNA (60, 61) or by affecting elongation (62) and/or cytoplasmic mRNA localization (reviewed in (63)). All these examples however, involve 3'UTR elements acting as repressors of translation (reviewed in (64, 65) . 3'UTR elements that enhance mRNA translation have been identified to act indirectly through their cytoplasmic localization (63, 66) or by promoting cytoplasmic polyadenylation (67) .
Most of these elements, with the exception of mRNA localization signals, correspond to short AUrich sequences ranging in size from 4 nt to 55 nt. The conserved 450 nt 3'UTR element identified in this study does not contain any of these motifs and as suggested from deletion analysis (Fig.   1B) , the full-size element is required for efficient regulation. Given the extensive length of this 3'UTR conserved element and its sequence conservation throughout the entire region (Fig. 4 and data not shown), it is likely that a tertiary structure needs to be adopted for an optimal regulation possibly through a protein-RNA interaction. Preliminary data using the mfold algorithm (Bioinformatics Rensselaer) suggest that the conserved 450 nt element found in the 3'UTRs of several amastigote-specific mRNAs folds into a similar bipartite Y-shaped stem-loop structure (data not shown).
In the present study, we identified a conserved 450 nt element within the 3'UTRs of a specific class of developmentally regulated mRNAs in Leishmania that is distinct from any other regulatory element directing developmental gene expression not only in trypanosomatid protozoa but also in other eukaryotic organisms. To our knowledge, this is the first report supporting the notion that similarly regulated mRNAs share a common regulatory mechanism via conserved 3'UTR signals that confer regulation possibly at the level of translation. Translational regulation is poorly studied in protozoan parasites and future work should permit to appreciate its role in stage-specific gene expression. LUC-770, L. infantum expressing the LUC-770 chimeric mRNA (Fig. 1B) ; LUC-347, L. infantum expressing the LUC-347 mRNA (Fig. 1B) , and LUC-184, L. infantum expressing the LUC-184 mRNA (Fig. 1B) . The LUC protein recognized by the antibody is indicated by arrow. major 3'-ketoacyl-CoA thiolase gene (AL117263) (see Table I ). The amastin amastigote-specific gene was used as a control probe. L. major amastigotes were extracted from lymph nodes in the Results are presented as the relative luciferase fold increase compared to the control transfectant for each growth condition and are the average of three separate experiments. Table I . BLAST homologies identified by in silico screening using the regulatory region of the amastin 3'UTR as bait. 
